With the advent of microarrays, it is possible to look at the entire transcriptome of an organism as a suite of quantitative traits. An obvious question to now ask is: To what extent is gene expression heritable? In quantitative genetics, single parent-offspring regression is the most straightforward method in situations where the progenies are produced by cross-pollination to many male parents of unknown location. However, estimation of the heritability of gene expression with single parent-offspring regression has not yet been examined with 2-channel microarrays. Here we introduce 3 experimental designs: chain design, independent quartets design, and completely independent design. We then compare them with common reference design in respect to statistical power and bias of the estimates. In our simulations, we also incorporated a model of simple inheritance with one gene. The results of our simulations indicate the efficiency of the chain design over the alternative design considered.
The newly developed field of genetical genomics makes use of microarray technology to 1) infer regulatory networks controlling gene expression (Chesler et al. 2004; Bystrykh et al. 2005) , 2) map expression quantitative trait loci (Jansen and Nap 2001; Brem et al. 2002; Darvasi 2003; Schadt et al. 2003) , and 3) infer the heritability of transcript abundances (Monks et al. 2004; Vuylsteke et al. 2005) . The importance of understanding the genetic basis of gene expression is predicated on the widely held view that phenotypic diversity is generated not only by changes of DNA sequence but also by changes in the levels of gene expression (Li and Burmeister 2005) .
The focus of this article is on the estimation of heritability of transcript abundances using parent-progeny regression, specifically with the single parent-offspring design. This is 1 of 4 major designs for inferring the heritability of a quantitative trait (the others being midparent-offspring, halfsib family, and full-sib family designs ; Falconer 1989) . Parentoffspring regression is the most straightforward method for estimating heritability for 3 reasons. First, because it is possible to base the essential computations on least-squares regression, the statistical properties are well known. Second, neither dominance nor linkage influences the covariance between parents and offspring. Third, it is not biased when parents are selected on the basis of their phenotype (for an in-depth discussion, see Lynch and Walsh 1998) .
Traditionally, to estimate the heritability for a quantitative trait of interest, measurements are taken directly on parents and offspring. This is followed by regression of offspring measurements on parent measurements; the slope of the regression is proportional to the heritability of the trait. For many species, parents and their offspring are easily identified in the field; and in plants, progeny can be sampled as seed. However, in many species including most plant species, only one parent can be identified: the mother, as the male parent is an unknown pollen donor (Lynch and Walsh 1998) . In tree breeding programs, the genetic value of a candidate ''plus'' tree is often evaluated by growing open-pollinated progeny of a tree, where the progeny are produced by crosspollination to many male parents of unknown location. Such material is also used to evaluate heritability of traits important in breeding programs.
With the advent of microarrays, it is possible to view the transcriptome of an organism as a suite of quantitative traits (Rockman and Kruglyak 2006) . An obvious first question in genetical genomics is regarding the extent to which levels of transcription are genetically determined; more specifically, what is the heritability of transcript levels? If gene expression is heritable, then natural selection can act on differences of transcript abundances to increase fitness, and adaptive evolution of gene expression will take place.
However, in 2-color microarrays, transcript abundance is not directly observable; rather, the difference of transcript abundance between 2 labeled messenger RNA (mRNA) populations (1 for each color) is observed. This is of no major issue if one is interested, say, in the response of the transcriptome to some experimental treatment, as compared with a control treatment. But with genetical genomic inferences, a more complex experimental design than a common reference or circular structure is needed (Bueno Filho et al. 2006) . The literature on comparison of the alternative designs specific to the estimation of heritability of gene expression is limited. In particular, the case of parent-offspring regression with 2-channel microarrays has not been examined. This is of immense important for the research programs that need to utilize 2-color microarrays as an alternative to oligomere platforms due to the budget restrictions or the nature of the biological systems under study. Here, 3 alternative designs for single parent-offspring regression are introduced and examined with respect to bias and statistical power for inferring heritability of gene expression with 2-channel microarrays.
Extension of the Concept on 2-Channel Microarrays
Two-channel microarrays do not measure absolute values of gene expression levels (unlike real-time polymerase chain reaction), but rather, the differences between the green (Cy3) channel and red (Cy5) channel hybridization intensities are obtained. The objective is thus to estimate the covariances between parent and offspring for gene expression and the variance of gene expression among parents, using differences of gene expression. For a single parent and an offspring where, say the parent RNA is labeled with Cy3 and the progeny RNA labeled with Cy5, let the i-th parent have a level X i and its progeny have a level Y i . In the population, we define V x as the variance of all X i , V Y the variance of all Y i , and C xY the covariance between X i and Y i . Because parent and progeny may be of different age or differ for other factors, we allow for the possibility that parents have different means than their progeny: let X i have mean U x and Y i have mean U y .
Between a parent and an offspring, the difference of gene expression is (X i À Y i ). To solve for the heritability using paired differences, we also require the observation of the difference of gene expression between parent i and unrelated progeny j (X i À Y j ) and the difference of gene expression between unrelated parents i and j (X i À X j ). The expected squared differences of these quantities are
From these 3 quantities, we can solve for the heritability as twice the regression of offspring on parent values:
In any actual experiment, a, b, and c are found by equating the above expectations to the corresponding sample moments. For example, a51=n
If the mean values are the same in both generations and the variances also the same, then
and
Hence, the hybridization of parent i to offspring j is not needed (Figure 1 ).
Evaluation of Alternative Hybridization Designs
Here, 3 alternative designs of paired samples, ''chain design,'' ''independent quartets design,'' and ''completely independent design'' that allow estimation of heritability using a 2-dye microarray experiment are considered ( Figure  2 ). To balance these designs, equal numbers of Cy3 and Cy5 hybridizations need to be done. For this, each maternal parent and each offspring have to be hybridized 4 and 3 times, respectively, as illustrated by the directions of the arrows.
To evaluate the statistical properties of these 3 designs, we generated simulated data with prespecified heritabilities. For each parent-progeny pair, 2 independent, normally distributed random numbers with variances of 1 were generated (denoted Z 1 and Z 2 ). Then we transformed these as: Figure 1 . Demonstrating some alternatives of the many possible maternal parent (x) and off spring ( y) combinations including the hybridizations (a, b, and c) necessary to perform in order to solve for h 2 , the heritability of gene expression. With respect to Equations I and II, the required pairwise combinations include hybridization of (a) maternal parent with her own offspring, (b) with another maternal parent, and (c) offspring of an adjacent pair.
where h 2 is the prespecified, true heritability. This results in an expected covariance between X i and Y i equal to h 2 and a variance equal to unity for both parents and progeny.
We also considered a fourth design, ''common reference design,'' used by Monks et al. (2004) in their study of the heritability of human gene expression. In this design, 1 of the 2 RNAs are simply pooled RNA from all samples and used in one of the dyes. The difference of the parent from the reference is the direct observation of the level of gene expression in the parent; likewise for the progeny. Note that 2, instead of 3, microarrays are required for each parentprogeny pair. Parent-offspring regression is then performed on these directly inferred levels of expression.
We considered sample sizes ranging from 3 to 30 parent-progeny pairs, involving each of the 3 designs in Figure 2 plus the reference design, and evaluated a range of true heritabilities. In all, 100 000 replicates were run to evaluate the mean and variance of the estimated heritabilities. The FORTRAN code for the simulations is available on request.
To assess the effect of single-gene inheritance on the above estimators of heritability, we considered a simple scenario of a single diallelic locus with equal gene frequencies and with additive effects of À ffiffi ffi 2 p , 0, and þ ffiffi ffi 2 p for the homozygous, heterozygous, and alternative homozygous genotypes, respectively. This results in a variance of 1 as used above. Progeny data were generated by drawing one parent allele at random and choosing a second parent allele at random. Only the chain design was considered.
Results and Discussion
The results of simulations are illustrated in Figure 3 as the average variance of estimates per parent-progeny pair (the observed variance divided by the number of parent progeny pairs for a range of sample size) versus the number of parent progeny pairs used. Each design was evaluated over the range of possible heritabilities, Figure 3 shows the case for h 2 5 0.5, and other heritabilities showed the same pattern. In all designs, the standard error (SE) becomes roughly asymptotic for 15 pairs. Thus, it is necessary to include at least 15 parent-progeny pairs for a reasonable degree of precision. This is in line with previous findings related to the estimation of heritability as Lynch and Walsh (1998) have also established number of families N . 15 for a reasonable degree of precision. Figure 3 (and other simulations not shown involving different heritabilities) also clearly illustrates that the chain design is much more efficient than the other 2 paired designs and is also more efficient than a design where one dye consists of pooled RNA from all samples. Therefore, the chain design is most efficient and quite fortuitous for the practical reason as it requires the least number of RNA extractions. Figure 3 . Results of simulations under 3 alternative designs for estimating heritability using paired samples of parents and offspring plus the design of a common reference. Plotted are variance of estimate per parent-progeny pair versus the number of parent-progeny pairs used. True heritability was 0.5; bias was evident only for the completely independent design.
It is also significant that the chain design is more efficient than the reference design, even taking into account that 3 instead of 2 arrays per parent-progeny pair are required. On a per-array basis, the asymptotic information between the 2 designs can be compared by computing information values (the inverse of the variance) per array. For the chain design, the information per parent-progeny pair is about (1/0.24) 5 4.16 for the 3 arrays required or about 1.40 per array. For the reference design, the information is about (1/0.83) 5 1.20 for the 2 arrays or 0.60 per array. Hence, the chain design has more than twice the power of the reference design.
For the chain design, we also considered the bias and variance of heritability estimates as a function of the true heritability. Table 1 shows that there is no bias (to 0.01 precision) and that the estimation variance decreases as the heritability increases down to zero when h 2 5 1 (as parents and progeny are perfectly correlated).
The nearly asymptotic sample size of 15 is used here as a minimum sample size requirement. For an experiment involving 15 parent-progeny pairs (45 hybridization), the average SE is found to be half of the true heritability at about h 2 5 0.5. Hence, at h 2 5 0.5 and higher, the estimated heritability is expected to be statistically significant. Monks et al. (2004) found that when a common reference design is used, a sample size of 15 provides 28% power to detect h 2 5 0.1, 63% power to detect h 2 5 0.2, 85% power to detect h 2 5 0.3, 94% power to detect h 2 5 0.4, and 100% power to detect h 2 ! 0.5. Our results here show that a paired design, as opposed to using a common reference design, is considerably more statistically efficient, which should improve the power values they presented.
Because individual elements of an array are the products of single-gene loci, we also considered the effect of simple (one-locus) inheritance on the estimators we presented. Genetic variation at the actual gene underlying the mRNA transcript, at a cis-acting regulatory element, or at a transacting regulatory element has the potential to cause monogenetic inheritance for a given array element, if no other genes are involved in regulation. We found, based on the above-described single-gene inheritance simulation, that unbiased estimates of heritability were still obtained. With no environmental effect added, the estimated heritability equaled unity (the true value) and the estimate of heritability declined in proportion to the relative amount of environmental variance added (results not shown). However, the variance of the estimate was several times greater; under the chain design, the variance of h 2 per parent-progeny pair was asymptotically about 5.5 when true h 2 5 1 and about 3.5 when true h 2 5 0.5. Most interestingly, this trend is the opposite of what is found for continuous traits (Table 1) ; more estimation variance with greater genetic determination. This is due to the greater stochasticity caused by the presence of discrete phenotypes.
Recent studies imply pervasive nonadditivity of gene expression and that for some transcripts, regulatory polymorphism in cis and in trans could affect expression (Gibson and Weir 2005) . In this research, the objective was rather to evaluate a number of alternative designs using a straightforward quantitative genetic methodology than to dissect the complicated genetic basis of transcription. Estimation of nonadditive effects would involve sibship designs and could be a subject of further research.
In searching for an optimal design for estimating the heritability of gene expression, general strategies have been discussed by Rosa et al. (2005) and Bueno Filho et al. (2006) based on statistical precision or power (and more specifically with 2-channel microarrays applications by Wit et al. [2005] ). Here, we compared a set of balanced designs (i.e., each parent and each offspring have hybridized once with the green and once with the red dye). Therefore, we limited the analysis of our hypothetical parent-offspring scenarios to least-squares methodology.
However, extension of the concept of single parentoffspring design to gene expression requires that the parent and offspring were sampled at the same developmental stage because gene expression levels are specific for each developmental stage. In the laboratory, this could be achieved by using tissue of parents and offspring cultured under similar conditions. However, circumstances might necessitate that the parents and offspring of different ages be sampled under different environmental conditions that, in turn, complicates the design and analysis of the data. Using mixed model analyses that account for environmental differences may be more suitable in these cases.
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